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Abstract This study investigated pyrene adsorption
on two contrasting Brazilian soils: a Kandiudult and a
Vertisol. It was found that the time taken to reach
thermodynamic equilibrium depended on the soil
type. The curves for different pyrene-to-soil mass
ratios for Vertisol soil showed significant differences.
This is probably related to the presence of 2:1 clays
that may increase the adsorption of pyrene due to the
resulting interlamellar space. The adsorption of
pyrene on the Kandiudult showed, in general, good
agreement with the Langmuir isotherm. In the case of
the Vertisol, there was good agreement with the linear
isotherm. The kinetic model that best explains the
adsorption in Kandiudult was the pseudo second-
order model. For the Vertisol, the Morris Weber
model best explains the behavior of pyrene.
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1 Introduction
Since the industrial revolution, human society has
produced and released numerous organic chemicals to
the environment. Considering present society's be-
havior it is expected that the contamination of water,
soil, and air with such compounds will continue to be
of major environmental concern (Schwarzenbach
et al. 2003).
Organic chemicals that are introduced into the soil
environment are subjected to numerous physical–
chemical and biological processes that determine their
transport and fate (Young and Weber 2005). Among
them, sorption and desorption are relatively the most
studied processes (Chiou 2002). They determine the
quantity of organic chemicals retained on soil surface
and, therefore, the quantity ready to be leached
through soil profile until the aquifer (Sparks 2003).
Kinetic studies of adsorption have great relevance due
to applications in the control of environmental
pollution. Once the reactions occurring in soil depend
on the interactions between the adsorbent and
adsorvato and also the conditions of this system,
kinetic studies can suggest a possible mechanism for
the adsorption and reaction rate, fundamental for
Water Air Soil Pollut (2011) 219:297–301
DOI 10.1007/s11270-010-0707-3
S. C. G. Teixeira :M. R. da Costa Marques
Laboratório de Tecnologia Ambiental, Departamento de
Química, Universidade do Estado do Rio de Janeiro,
Rua São Francisco Xavier 524, Maracanã,
20550-900 Rio de Janeiro, RJ, Brazil
R. L. Ziolli
Laboratório de Estudos Ambientais e Toxicologia,
Departamento de Química,
Universidade Católica do Rio de Janeiro (PUC-RJ),
Rua Marquês de São Vicente 225, Gávea,
22453-900 Rio de Janeiro, RJ, Brazil
D. V. Pérez (*)
Centro Nacional de Pesquisa de Solos, Empresa Brasileira
de Pesquisa Agropecuária, Embrapa Solos,
Rua Jardim Botânico 1024, Jardim Botânico,
22460-000 Rio de Janeiro, RJ, Brazil
e-mail: daniel@cnps.embrapa.br
understanding the behavior of a pollutant in the soil
(Baldez et al. 2009).
Among the very large number of organic chemicals,
polycyclic aromatic hydrocarbons (PAH) are of partic-
ular interest due to its frequency of occurrence at
polluted sites like in the USA (USEPA 2007) and
Brazil (CETESB 2008). Besides, it must be considered
their carcinogenic and genotoxic effects (ATSDR
1995). However, although these compounds are among
the most intensively studied, there is little information
concerning their behavior on tropical soils.
Most studies have shown that the principal soil
sorption sites for PAH are organic matter (Oleszczuk
and Pranagal 2007; Hiller et al. 2008). However,
some studies pointed out the importance of expansive
clays to adsorb hydrophobic organic compounds
(HOC) because of their large internal surface area
(Hwang et al. 2003; Maliszewska-Kordybach 2005).
And the relevance of HOC clay adsorption is more
pronounced when soil organic matter content is low
(Site 2001).
The objective of this work was to study the
behavior of PAH in two Brazilian soils of distinct
clay mineralogy using pyrene as a model.
2 Material and Methods
Two types of soil were used: a surface horizon (0–
15 cm) of a Vertisol from Juazeiro County (Bahia
state) and a surface horizon of Kandiudult from
Seropédica County (Rio de Janeiro state).
The soil analysis followed the methodology from
Embrapa (1999), as summarized below. The pH was
measured with a potentiometer in a 1:2.5 soil/water
suspension. Organic carbon was measured by oxidizing
the organic material with potassium dichromate in an
externally heated acidic medium and titrating this with
ferrous ammonium sulfate. The particle size distribu-
tion was determined by dispersion in 1 mol L−1 NaOH.
The sand (2–0.53 mm) was separated by filtration. The
clay content (<0.002 mm) was measured in the
supernatant using the Bouyoucos densimeter. The
cation exchange capacity (CEC) was calculated from
the sum of Ca and Mg, obtained from KCl 1 mol L−1
extraction; Na and K, obtained from Mehlich 1
extraction (HCl 0.05+H2SO4 0.0125 mol L
−1); and
Al and H, obtained from 0.5 mol L−1 calcium acetate
extraction.
To determine the kinetic processes involved and the
equilibrium time for the soil–pyrene system, 100 μg L−1
solution of pyrene (98% pure Aldrich standard) was
prepared in deionized water/ethanol (20% v/v),
0.01 mol L−1 CaCl2, and 0.01 mol L
−1 NaN3.
Solutions of 15, 30, 45, 60, 75, and 100 μg L−1
pyrene were prepared for studying the adsorption and
distribution coefficients. The tests were conducted in
Erlenmeyer flasks containing 2.5 and 5.0 g of soil and
50 mL of the pyrene solutions. The suspension was
stirred at 250 rpm in a mechanical agitator. After the
specified contact time (10 to 1,280 min), 10 mL of
sample was taken from each Erlenmeyer flask,
centrifuged at 3,000 rpm and then, analyzed by
fluorescence spectroscopy (Perkin Elmer model LS
45 fluorescence spectrophotometer). Analysis was
carried out using the synchronized method with Δl
of 51 nm and scanning from 300 to 380 nm. Each test
was repeated five times.
The Isofit software (Matott 2007; Matott and
Rabideau 2008) was used to analyze the adsorption
isotherms of pyrene on the soils. Completely ran-
domized variance analysis was used to statistically
analyze the data. When the F-test indicated significant
differences, Tukey's test at 5% probability was
calculated using SAS (version 9.0). Origin (versions
6.0 and 7.0) was used to obtain the graphics.
3 Results and Discussion
Table 1 shows the chemical and granulometric
characterization data of the two soils studied. It can
be seen that the mineralogical characteristics of the
soils are very different, with distinctive proportions
Sand,
g kg−1
Clay,
g kg−1
Organic C,
g kg−1
CEC,
cmolc kg−1
pH
K 642 160 7.8 5.4 5.2
V 246 460 5.6 30.7 7.8
Table 1 Some chemical and
physical characteristics of the
surface (0–15 cm) samples
of the Kandiudult (K) and the
Vertisol (V)
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and types of clays at 460 mg kg−1 for Vertisol (V) and
160 mg kg−1 for Kandiudult (K). The clays in V are
dominated by 2:1 expansive types (montmorillonite).
Considering that the proportion of Ca2+ in this soil is
high (92% of CEC), it is very likely that this clay
mineral is saturated with this element and, hence, the
size of the interlamellar space is very stable when the
soil is hydrated. K is an acidic soil rich in kaolinite, a
clay mineral typical of Brazilian weathered soils. The
proportion of organic carbon in the two soils is of the
same order (Table 1).
Figure 1 gives the results of the study of pyrene
adsorption correlating the quantity of pyrene (in
micrograms) adsorbed by each kilogram of soil. The
kinetic evaluation of pyrene adsorption on the soils
showed no significant difference between the two soils
when 5 g of soil was used. The large availability of
adsorption sites in this mass of soil gave very similar
adsorption rates and equilibrium times.
However, the shapes of the curves for 2.5 g of soil
are very different. For K, the process showed a
statistically long equilibrium period (1280 min) and a
rapid adsorption rate in the first 160 min. Regression
analysis of this initial period gave a linear equation
with R2=0.94. This data appears to indicate that the
competition processes are established after 160 min
when the last sites are still available.
The adsorptive behavior for V was different. With
5.0 g, equilibrium was reached quickly within 80 min.
However, with 2.5 g, there was accentuated adsorp-
tion up to 80 min. Besides, after this period, the
process was slower up to 320 min when a new
accentuation for Q was observed. At approximately
640 min, the process was stabilized. The process that
took place after 320 min is recognized as read-
sorption. The most plausible explanation is related to
the presence of expansive clays. Clays are not
normally characterized as adsorption sites for polycy-
clic aromatic hydrocarbons (Gonen and Rytwo 2006).
However, with the expansion of the interlamellar
space caused by the hydration of the clays, more
sorption sites appear to become available, leading to
an increase in Q. This process cannot be readily
experimentally observed using 5.0 g of soil as
adsorption occurs quickly because of the relative
abundance of adsorption sites. However, using 2.5 g,
the process appears to be slower, giving the inter-
lamellar spaces a greater opportunity to participate
(Labbé and Reverdy 1988).
The kinetic model that best explains the pyrene
behavior in the studied soils was evaluated using the
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Fig. 1 Kinetic study of the adsorption of pyrene in the
Kandiudult and the Vertisol
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adsorption curves data. The pseudo first-order, pseudo
second-order (p2nd), and the Morris and Weber (MW)
models were applied. The MW model is used in the
literature to evaluate intraparticular diffusion (Gasser
et al. 2006). The results are given in Figs. 2, 3, and 4.
Table 2 summarized the obtained results. The model
that best explains the adsorption in K is p2nd. For V,
the Morris Weber model best explains the behavior of
pyrene. However, the low R2 indicates that there are
experimental deviations from the proposed model,
which appear to be explained by the adsorption and
dimerization of pyrene in the interlamellar space.
Dimerization was able to occur with a pyrene
concentration of 100 μg L−1, as it can be seen in the
increase in the dimer emission band at 450 nm in the
pyrene spectra. Because of this, the adsorption sites are
not equal.
Once the equilibrium time and kinetic constants for
the adsorption processes of the analyte in the soils had
been determined, the distribution constants could be
calculated and the adsorption curves could be ana-
lyzed. Table 3 shows that the soils have different kd
and koc values, although the proportions of organic
carbon are of the same order. Comparing the
proportion of clay and correlating this to the read-
sorption process, it can be seen that, even with the
adsorption sites in the interlamellar space, the values
of kd and koc for V were lower than those for K. The
value of kd was calculated using the linear adsorption
theory. Comparing the values of calculated kd (Kd
calc.) with the values of experimental kd (Kd exp.)
significant differences appear. This implies that the
adsorption of pyrene on K and V occurs at sites that
are neither homogeneous nor uniform. However, the
process is spontaneous, as it can be observed from the
Gibbs free energy (Table 3).
The isotherm that best explains the behavior of
pyrene in K is the Langmuir isotherm. However, as it
can be seen from Fig. 5, at the highest concentrations,
the experimental data deviates from the calculated
data. Several explanations fit this fact. Langmuir
theory is the theoretical base for other theories, such
as the linear theory. It considers that adsorption occurs
in a monolayer, that the adsorption site surface is flat,
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Fig. 4 Kinetic evaluation using the Morris Weber model
Table 3 Values of the partition constants obtained for the
adsorption curves: Gibbs Free Energy (ΔG°), calculated Kd
(Kd calc.) and experimental Kd (Kd exp.) of the surface (0–
15 cm) samples of the Kandiudult (K) and the Vertisol (V)
Soil Kd exp. Kd calc. Koc ΔG° Isotherm
K 341.4 283.46 43,769.23 −261.13 Langmuir
V 159.7 94.11 34,946.42 −255.63 Linear
0.000 0.004 0.008 0.012 0.016 0.020
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Fig. 5 Adsorption isotherms for pyrene in the Kandiudult (K)
and the Vertisol (V). The data calculated for K were obtained
using the Langmuir model and those for V using the Linear
model
Table 2 Values of the kinetic constants obtained using the
pseudo first-order, pseudo second-order, and Morris Weber
models for the experiments using 2.5 g of soil of the surface (0–
15 cm) samples of the Kandiudult (K) and the Vertisol (V)
Soils k1 R2 K2 R2 Morris Weber R2
K 0.0019 0.990 0.5322 0.999 0.0121 0.928
V 0.0029 0.915 0.3996 0.673 0.05 0.949
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and that it has a fixed number of identical active sites
where there is no competition between the adsorbent
molecules. As already discussed, at high concentra-
tions, pyrene suffers dimerization. The adsorbed
dimer, then, modifies the nature of the adsorption
sites, which is contrary to the Langmuir theory.
Because of this, the experimental data is not totally
explained by this theory. Another possible explana-
tion is the fact that the adsorption sites in K are of
finite number and fixed. However, at high concen-
trations, the pyrene molecules compete for the
sorption sites. The greater their concentration, the
greater is the competition. Besides, it must be
observed that K sites have a limited sorption capacity,
as saturation of the sites is seen from Ci=60 μg L−1
of pyrene (Fig. 5).
In the opposite, for V, the linear theory model is very
successful in explaining the behavior of pyrene in the
soil, even at high analyte concentrations, probably
because it is adsorbed in the interlamellar space.
4 Conclusions
The large availability of adsorption sites in the greater
mass of soil (5 g) gave very similar adsorption rates and
equilibrium times for the two studied soils. However,
the shapes of the adsorption curves were different for
lower mass (2.5 g). In the case of the Vertisol, the
expansion of the interlamellar space seemed to release
more sorption sites. Thus, a linear isotherm model and a
Morris Weber kinetic model best fitted the adsorption
results. On the other hand, the Kandiudult adsorption
data was best explained by the Langmuir isotherm
model and the pseudo second-order kinetic model.
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